This investigation analyzed the effect of reactant particle size on the stress development characteristics of NiAl synthesized through self-propagating high temperature synthesis. Four sample combinations of NiAl were synthesized based on initial particle diameters of the reactants: (i) 10 mm Al and 10 mm Ni (S1), (ii) 10 mm Al and 100 nm Ni (S2), (iii) 50 nm Al and 10 mm Ni (S3), and (iv) 50 nm Al and 100 nm Ni (S4). Characterization of NiAl was performed by parallel comparison of the distribution of residual stresses of the samples prior to and after the reaction. Residual stresses were quantified using x-ray diffraction. Upon characterization it was found that combinations S1, S2, and S3 exhibited tensile residual stresses, while combination S4 exhibited compressive residual stresses. Statistical analysis confirmed that self-propagating high temperature synthesis products derived from nanoparticle reactant sizes exhibited compressive residual stresses offering improved fatigue resistance in composite production.
I. INTRODUCTION A. Motivation
Combustion synthesis is an established technique for synthesizing intermetallic alloys, which can be difficult to manufacture using traditional and advanced manufacturing processes. Traditional synthesis processes include conventional melting and casting, powder metallurgy, mechanical alloying, vacuum arc remelting, and electron beam melting, to name a few. 1 A disadvantage of these processes is that they require complex equipment besides being time-and energy-intensive. Advanced synthesis processes include sol gel, hydrothermal synthesis, and chemical vapor deposition. In general, the combustion synthesis method is described as a self-propagating exothermic reaction that transforms discreetly distinct reactants into a product alloy. In essence, the method is based on the availability of a heterogeneous and sufficiently exothermic chemical reaction to produce (after ignition with an external energy pulse) a reaction front, steadily propagating as a thermal and chemical wave through the heterogeneous mixture of reactants. 2 In the self-propagating high temperature synthesis (SHS) reaction, the pellet is heated locally to stimulate ignition. Once ignition is achieved, the external energy source is removed and the reactants are consumed by the self-propagating combustion reaction. As the reaction propagates, high heating rates can be achieved such that the product material is free from volatile contaminants and impurities. 3 In addition, metastable or nonequilibrium phases that are not generally accessible by conventional processing may also be attained due to the high heating rates. 4 
B. Problem scope
One application for NiAl is as a structural material due to its low density, low thermal expansion, high modulus, and good corrosion resistance at high temperatures. 3 These high temperature service capabilities have been achieved by alloy chemistry to enable manufacture of materials with a high volume of secondary phases (g 0 , coherent nickel aluminide precipitate). 5 However, since it is understood that residual stresses (RSs) are induced in alloys during their fabrication, it is possible that detrimental characteristics might be inherited during fabrication of NiAl-based alloys due to the high temperatures (!1500 C) required for the combustion synthesis reaction to occur. 6 The effects of RSs may be either beneficial or detrimental, depending upon the magnitude, sign, and distribution of the stress with respect to the loadinduced stresses. RSs are beneficial and have a positive effect, such as increasing the fatigue limit, when they exist as compressive residual stresses, but they can have a detrimental effect, as by decreasing the stress corrosion resistance of a material, if they are tensile. 7 The traditional means used to reduce the magnitude of RS requires two different heat treatment routines: (i) standard heat treatment at 927-1010 C for 1 h; and (ii) a two-step aging process that consists of annealing at 718 C for 8 h and furnace cooling to 621 C for 10 h. 8 Still, even after heat treatment, RS in components such as turbine discs have been found to be tensile in nature and to range between 448.16 and 517.11 MPa. 8 This RS range can significantly reduce the component's fatigue life compared with RS that have been controlled to be neutral or compressive in nature. Based on the high temperature gradients that these materials are subjected to during the SHS process, the development of additional tensile RS is anticipated. 9 For this reason, the superposition effect of RS, which would further decrease the fatigue life of the alloy, is a crucial factor to consider. Minimal information is available with regard to fabrication-inherited RS and their effect on the working conditions of the synthesized NiAl.
On characterizing the RS of NiAl, it is important to consider various parameters that affect the dynamics of combustion synthesis reactions. These include green density, preheating temperature, velocity of combustion front, and particle size, among others. Specifically, the particle size of the reactants in combustion synthesis reactions has been shown to be a fundamental factor defining the characteristics of the resultant product. 10 Prior research by Bose 11 showed that an interconnected network of Al needs to exist in the green microstructure to ensure optimum reaction conditions. This network can be disrupted by changing the Ni to Al powder size ratio and also by adding a diluent. 12 Research has also shown that as the particle size ratio of Ni and Al is changed, parameters such as reaction time, temperature, and density of products formed change as well. 12 Lebrat and Varma 12 studied the effects of particle size of Al powders by quantifying the ignition dynamics. They showed that when the Al particles are smaller in size than the Ni particles, they melt quickly and spread around the Ni particles, forming the final phases so that there is no trace of pure Al or Ni. On the other hand, when larger Al particles are used, they disrupt the spreading of liquid Al around the Ni and thus slow down the reaction. Lebrat and Varma 12 showed that when the ratio of Ni and Al particle diameters is close to 3.0, the optimum microstructure is formed. Past studies have investigated the effect of particle size on the combustion synthesis reaction and on the resultant quality of the products. However, these studies have not identified the RS associated with changing this parameter. Differences in mechanical and thermal properties of different layers of the materials or phases will naturally introduce RS into the products of such a reaction. The role of RS in determining characteristics such as fatigue life make the study of the RSs that result from such reactions an essential factor for improving the performance characteristics of these materials. 7 This investigation complements past studies that revealed the effect of particle size on the quality of resultant combustion synthesis products. Particularly, this research analyzes the effect of particle size on the final RS state of the SHS products. The analysis identifies the most beneficial starting particle sizes of Ni and Al powders from four different reactant particle size combinations. This identification is based on close attention to the magnitude of RS that result from the reaction and the impact of the RS on the fatigue characteristics of the intermetallic.
II. EXPERIMENTAL A. Design of experiment
A pilot study was initially performed to determine the factors influencing the resultant magnitude of RS after combustion synthesis reactions. The factors evaluated were x-ray diffraction parameters (i.e., voltage and current), particle diameters (combination size), and number of replications. From the pilot study, it was determined that the most significant factor influencing the magnitude of RS is the particle size of the products of combustion synthesis reactions.
The results derived from evaluating the effect of the various factors influencing the reaction were utilized to develop a design of experiments (DOE) from which the complete experiment was organized. Figure 1 shows the general design of the experiment. The main factor under consideration in this study is the particle diameters (i.e., combination of sizes). The other two nested factors within the combination size are the reactants and products, which will be unique for every particle size combination. There are two samples of each reactant and product within the sample which are again nested within the reactants and products.
In Fig. 1 , S1, S2, S3, and S4 indicate the four different particle size combinations of Al and Ni. Nested within each particle size combination are reactants and products. Each reactant and product has two samples within it, for example, R1 and R2, and P1 and P2.
B. Synthesis of NiAl
The reactants used were micron and nano scale spherical powders of Ni and Al (see Table I ). The micron Ni powder was of 99.8% purity and was obtained from Alfa Aesar (Ward Hill, MA); while the nano Ni powder was obtained from Sigma Aldrich (St. Louis, MO) and was of the same purity level. The micron Al powder was obtained from Alfa Aesar, and reported to have a 97.5% purity. The nano Al powder was obtained from Nanotechnologies, Inc. (Austin, TX), and had a 80% purity and 20% alumina content. All particles have a spherical morphology.
Stoichiometric calculations were made to obtain the molar concentrations of Ni and Al before mixing. The molar ratio was based on the following reaction in which the heat of combustion (DH comb ) was calculated using the thermal equilibrium code REAL (TimTeck, Dover, DE). It is noted that Fischer and Grubelick (1998) 15 presents tabulated thermophysical properties for over 100 thermites and intermetallics calculated using a similar thermal equilibrium program.
Table II provides the mass of Ni and Al powders required to form 1 g of the corresponding particle size mixture. Reactants were combined with hexane and mixed using ultrasonic waves to break up agglomerates. The mixture was poured onto a glass plate and heated at low temperatures (i.e., roughly 40 C) to evaporate the hexane, leaving the dry, well mixed powder for further processing. The powders were then cold compacted into pellets of 6.5 mm diameter using a hydraulic press. For further details on sample preparation, the reader is referred to Hunt et al. 13 Ignition for the SHS reaction was achieved using a 50 CO 2 laser (10.6 mm wavelength) with a beam diameter of 6.5 mm such that the front face of the pellet and laser were aligned. The heat generated in the first layer of the pellet triggers the reaction in adjacent layers, and the combustion wave propagates through the entire sample. Once the pellet has been ignited, the laser is shut off. All reactions are contained within an argon filled reaction chamber. This inert environment ensures that oxygen from air does not contribute to the combustion process, such that the products from the reaction consist of Ni and Al. Details of the combustion behaviors for this reaction as well as a phase diagram for the products can be reviewed in Hunt et al. 13 C. X-ray diffraction (XRD) RS measurements RS measurements were collected following principles of XRD. Specifically, the sin The exposure time selected for XRD measurements was 5 s and the number of exposures per angle (c) was kept at five as well. Additional specifications of the XRD experimental setup are depicted in Table III .
The least square regression method was used to fit the Pearson VII 85% distribution function to the obtained values of diffraction peak, intensity, and peak breadth. 16 The corrections that were applied to measure the true residual stresses were as follows: the Lorentz, polarization and absorption factors (LPA) were used to correct the c and y angles. 
where m i is the average of residual stress measurements from particle size combination i derived from the pilot study, m 0 is assumed on the basis of the variation desired to be detected, and s is the standard deviation from particle size combination i. Four different particle size combinations (S1, S2, S3, S4) were used in the pilot study and the resulting number of statistically significant measurements to be used in the experimental was established as 12 (refer to Table IV ). Collection and calculation of the average of 12 measurement replications secures that the number of measurements is sufficiently large to counteract the effect that machine variation may have on individual measurements.
E. Statistical analysis
The data was first validated for normality by means of probability plots and Goodness-of-Fit tests. For analysis of the RS measurements, the mean of 12 different repetitions for each of the 16 different samples were calculated. The resulting data set was a two-factor experiment with two replications, the first factor being combination size and the next factor being reactants and products. The replications were the two different mean RS readings for each of the two reactants and products within the combination size, that is, R1 and R2, P1 and P2 within S1; R3 and R4, P3 and P4 within S2; R5 and R6, P5 and P6 within S3; and R7 and R8, P7 and P8 within S4. The coefficient of correlation was found for the model.
Following the calculation of orthogonal variables such as the mean, standard deviation, and correlation coefficient, an F-test was performed on the entire model to test the validity of the experiment.
RS measurements of the reactants were primarily recorded as a standard representative of the initial experimental conditions. Since reactant pellets were not subjected to high temperature reactions, they should not display any thermal RS. Therefore, RS measured in the reactant pellets is characteristic of the initial powders and is used only to decipher the true RS measured in the products.
Lastly, a multiple comparison test of the four means of the four different sized products provided information regarding whether any two or more means were identical or if all four means were significantly different. The tests used were the Newman-Keul's grouping and Scheffe's grouping. The results of this testing further corroborated the conclusions.
III. RESULTS AND DISCUSSION
The two principal experimental observations relate to: (i) characterizations of the reaction propagation in three of the SHS reactions; and (ii) results interpreted from XRD analysis.
A. SHS reactions
The nano Ni and nano Al combination pellets burned only when the laser was constantly in contact with the sample. In general, the reaction was characterized by a spark and small pieces flying far from the ignition point. This is consistent with Hunt et al., who observed that the combustion rates were lower for samples with nanoscale Al. 13, 14 Nano Al has a higher surface-area-to-volume ratio and thus a larger amount of alumina content, which is present on the particle as a passivation shell. In fact, the nano Al sample has only an 80% active Al content, with 20% in the form of alumina. The alumina abundance acts as a heat sink and retards flame propagation.
The nano Al/micro Ni and micro Al/nano Ni combination pellets burned nearly identically. The reactions were slow and the pellet glowed before burning completely and breaking apart.
B. Characterization of RS
The results derived from XRD are summarized in Table V . The magnitude of RS is tensile for the first three particle size combinations, micro Al micro Ni, nano Al/micro Ni, and micro Al/nano Ni. The fourth sample, nano Al/nano Ni, exhibits compressive RS.
C. RS measurements statistical validation
Statistical analysis of the data collected validated the research results and proved that significant variation existed among the RS values across the four different particle size combinations. Through this validation, the influence of reactant particle size on the magnitude of Average number of replications = 12.
I.V. Rivero et al.: Correlation of reactant particle size on RSs of nanostructured NiAl generated by SHS RS can be determined, and the corresponding best particle size combination can be established from among the four different particle size combinations. First, probability plots were derived for the values of RS measured across the SHS products. The probability plots graph percentile points associated with the probabilities of an ordered data set that follows a normal distribution. The upper and lower lines on the plot represent the limits of the defined 95% confidence interval. 17 Therefore, analysis of the plots depicted in Figs. 2-5 confirmed the assumption of normality of these measurements. In addition, Goodness-of-Fit tests were performed validating quantitatively the assumption that the normal distribution provides a sound fit for the distribution of RS measurements collected for all SHS products (refer to Tables VI-IX). 17 Additional statistical testing was based on the data set that was initially obtained, which is shown in Tables X and XI. The 12 readings are repeated measurements within each reactant and product pellet. The measurements were repeated to get an approximate value of the RS and avoid the subjectivity of the XRD measurement technique.
The mean readings (m) of each of the 12 different measurements of the reactants were calculated and tabulated as shown in Table X . An analysis of variance (ANOVA) was performed on the RS values of the reactants and the null hypothesis (H 0 ) was established as: From the ANOVA (refer to Table XII) the F-value is 2.46 with a p-value of 0.2026, which is greater than the assumed value of a = 0.05. Since the attained p-value is more than the defined a value, then H 0 holds true. The ANOVA thus proves that RS values measured in the four reactant pellets are not significantly different. This corroborates the theory that since no thermal reactions took place while preparing the reactant pellets, the pellets do not display any RSs induced during fabrication.
The mean readings of each of the 12 different measurements of the products derived from SHS were calculated and tabulated as shown in Table XI . An ANOVA was performed on the values of RS and the H 0 was established as: 
The results derived from the ANOVA of the RS data of the SHS products (refer to 
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that the data's corresponding F-value is 184.47 with a p-value less than 0.0001 which is much less than the assumed value of a = 0.05. Since the calculated p-value is less than the assumed a value, then the H 0 does not hold true. The results of this ANOVA prove that the RS values measured in the four product pellets are significantly different. In turn, this shows that the RSs are induced due to the high temperatures attained during SHS reactions and are a function of reactant particle size. Calculation of the coefficient of variation of the products resulting from SHS reactions ranged from 35%-55% within the four different particle size combinations (refer to Table XI), which indicates that results are consistent for the model. The S3 combination showed the most consistent results with a coefficient of variation of about 20%.
D. Effect of SHS reactant particle size
The results of the ANOVA of the products indicated different RS as a function of particle size. However, from the average values of RS of the four different products, the values of stress for the micro Al/nano Ni and nano Al/micro Ni are significantly close to each other. By performing the Newman-Keuls (NK) 18 test and the Scheffe test 18 on the four sample means, similar means can be grouped together. These tests will reveal whether any two means are identical or whether all four means are significantly different. Upon analysis of the data shown in Table XI and the grouping provided for by the Newman-Keuls and the Scheffe tests, it can be seen from Table XIV that the means of particle size combinations S1 and S2 are similar and S2 and S3 are similar. The mean of particle S4 is different from all the other three means. From Table XV , it can be seen that according to the Scheffe test, the means of S1, S2, and S3 are similar while the mean of S4 is significantly different from the other three. Both the Scheffe test and the NK grouping show that the mean RS value of combination S4 differs significantly from the other three values.
In fact, Table V reveals that combination S4 is characterized by compressive RS while the other three combinations are characterized by tensile RS. One of the mechanisms responsible for inducing RS is the presence of nonuniform microstructures or differing lattice structure characteristics. For example, nonuniform microstructures in steels imply that the quenched surface of the steel is martensitic while the interior has transformed to a ferrite-carbide agglomerate such as bainite or pearlite, or both. This method of introduction of RS is seen in austenite to martensite, austenite to lower bainite, austenite to upper bainite, or austenite to pearlite transformations. Of most relevance to this study are the findings revealed by Murotani et al. 19 where RS analysis was performed through XRD techniques at the surface of a material system where the coating was NiAl and various substrate materials were analyzed (spheroid graphite ductile cast iron, bronze cast metal, and austenitic stainless steels). Although Murotani et al.'s study 19 only used Ni and Al powders with grain sizes of 5 mm and 20 mm, respectively, their results could serve as a basis to explain the RS behavior observed during this experiment. Their results established that RS were generated due to differences in mechanical and physical properties, such as the magnitude of the coefficient of thermal expansion between the substrate metal and the NiAl coating. In addition, their research revealed that the NiAl coating always exhibited compressive RS, and that the highest magnitudes of compressive RS were attained when samples had the smallest coating thickness. Therefore, if such transformations and structural interactions are responsible for the introduction of various patterns of RS in microstructural materials, it is worth investigating the lattice structure interactions developed in combinations of micro-and nanostructured materials and pure nanostructured materials to define the mechanism associated with the measured magnitudes of RS.
In general, past research has established 20 that nanostructured materials are characterized by internal elastic strains that are affected by lattice parameter dimensions. The difference in the magnitude of lattice parameters was reported to be affected by the method of preparation of the nanostructured material. Where the nanostructured material was fabricated by severe plastic deformation, its lattice parameters were observed to be smaller in comparison with the corresponding lattice parameters of the material fabricated by conventional methods. Conversely, where the nanostructured material was fabricated through powder compaction and crystallization from amorphous state procedures the result is an expansion of the lattice or an increase of the lattice parameters.
20
In analyzing the formation of NiAl, Lebrat and Varma 12 reported that the reaction between Ni and Al is associated with liquid-phased sintering. Therefore, upon heating the compacted samples of Ni and Al, an Al liquid phase is formed and distributed around the Ni particles. This suggests that for the reaction to occur homogeneously, an uninterrupted network of Al must exist. That is, Ni agglomerates prior to sintering must be at least three times larger than Al. 12 Sizes of lattice parameters for Ni and Al at the microstructural level are 3.5239 Å and 4.0497 Å , respectively. 21 Based on the principle that SHS formation of NiAl involves the mechanism of liquid-phased sintering, where Al networks surround Ni agglomerates, it can be deduced that the differences between lattice parameter dimensions create disparity at the Ni and Al interface, thus leaving the system in a tensile RS state. The discrepancy in lattice parameters of Ni and Al particulates during the formation of NiAl, then, is responsible for the difference in RS pattern observed in S4. In general, understanding the resultant pattern of stresses requires evaluating the strain developed due to the difference at the interface when particle sizes of both constituents are at the microstructural level and when particle sizes drastically differ as in the situation of micro-and nanoparticle sizes.
Assuming that liquid-phase sintering dominates the formation mechanism of the intermetallic, it can be established that the load at the interface associated with the triggering effect of the formation mechanism remains constant. Therefore, based on the traditional definition of stress (force Ä area), most changes of the strain generated at the Ni and Al interface would likely be attributed to changes in the contact area between the particle sizes of the Al network and the Ni agglomerates. That is, it is expected that varying the constituents' initial particle sizes will produce distinct RS patterns. In analyzing the RS patterns of combinations S1, S2, and S3, it is observed that as the contact surface area at the Ni-Al interface increases and the particle size of the intermetallic constituents is reduced, the tensile RSs are also reduced. When both particle sizes are reduced to the nanolevel, as in combination S4, RSs are not tensile at all but instead are compressive. This is because, when both initial particle sizes are at the nanoscale, the lattice parameters of the constituents are reduced as well, as previous investigations have revealed, and because they are closer in dimensions to each other, the difference encountered at the Ni-Al interface is reduced. This situation leads to the relaxed state of the resultant intermetallic lattice parameter, leaving the aggregate metal in compressive RS state.
In summary, during SHS, the nonuniform lattice parameters of Ni and Al produce differences in the unit cell volumes when subjected to high temperatures. These differences in unit cell volumes (and thus contact surface area at the interface) produce tension and compression when the lattice parameters of Ni and Al expand differentially. The unit cell volume differences in phase transformation from elemental Ni and Al to the intermetallic NiAl phase can be regarded as the cause of introduction of compressive RS in the nano Al and nano Ni particle size combination. Overall, the presence of compressive RS in combination S4 and tensile RS in the other three combinations can be established as being a function of micro-and nanostructural gradients.
IV. CONCLUSIONS
This study shows the effect of initial particle size in the residual stress (RS) pattern developed in the NiAl products of SHS reactions. NiAl produced with initial particle sizes on the microscale or microscale mixed with nanoscale were observed to exhibit tensile RS. In contrast, NiAl products with initial particle sizes on the nanoscale revealed compressive RS. Magnitudes of RS measured from XRD inspection of combinations S1, S2, and S3 were 444.147, 367.856, and 284.154 MPa, respectively. The magnitude of RS in combination S4, which is a combination of nano Ni and nano Al, was measured to be -416.305 MPa. The presence of compressive RS in this sample only is attributable to the nanoparticle sizes of the Ni and Al in the reactant pellet, since the use of nanoparticles means reduced lattice parameters for their constituents and there was less differential between particles at the NiAl interface during SHS, and consequently a relaxed intermetallic lattice left in a state of compressive RS. Future intermetallics research interested in material properties such as fatigue would be well served by continued investigation of RS resulting from intermetallic fabrication.
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